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Abstract. Microscopically, collisionless reconnection in thin
current sheets is argued to involve ‘composite electrons’ in
the ion inertial (Hall current) domain, a tiny fraction of elec-
trons only. These ‘composite electrons’ are confined to lower
Landau levels L  Te (energy much less than tempera-
ture). They demagnetise by absorbing magnetic flux quanta
Φ0 =h/e, decouple from the magnetic field, transport the at-
tached magnetic flux into the non-magnetic centre of the cur-
rent layer, where they release the flux in the form of micro-
scale magnetic vortices, becoming ordinary electrons. The
newly born micro-scale magnetic vortices reconnect in their
strictly anti-parallel sections when contacting other vortices,
ultimately producing the meso-scale reconnection structure.
We clarify the notions of magnetic field lines and field line
radius, estimate the power released when two oppositely di-
rected flux quanta annihilate, and calculate the number den-
sity and Landau-level filling-factor of ‘composite electrons’
in the Hall domain. As side product we find that the mag-
netic diffusion coefficient in plasma also appears in quanta
Dm0 = eΦ0/me =h/me, yielding that the bulk perpendicular
plasma resistivity is quantised, with quantum (lowest limit)
η0⊥=µ0eΦ0/me =µ0h/me∼ 10−9 Ohm m.
Keywords. Reconnection, thin current sheets, quantum Hall
effect, quantised diffusivity, quantised plasma resistivity,
composite electrons
1 Introduction
It is the intuitive simple geometric picture of annihilating an-
tiparallel magnetic field lines when approaching each other
(see, e.g., Sweet, 1957; Parker, 1958; Dungey, 1961) that led
to the idea of magnetic reconnection as the plasma process
that converts stored magnetic energy into kinetic energy. The
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approach of the fields in these models is assumed to be pro-
vided by the encounter of two magnetised plasma streams
which have been treated as electrically conducting fluids. Ob-
servations in space have confirmed the presence of reconnec-
tion under completely collisionless conditions (see, e.g., Fu-
jimoto et al., 1997; Nagai et al., 2001; Øieroset et al., 2001)
when the classical fluid theoretical approaches break down.
The first observational confirmation of reconnection in space
under collisionless conditions dates back to Paschmann et al.
(1979) who detected the so-called ‘reconnection jets’ which
were ejected about symmetrically from the local reconnec-
tion site at Earth’s magnetopause, although the conditions
were neither identified nor noted as being collisionless at the
time. The reconnection site could not be resolved (and has
never been resolved) and the very process of reconnection it-
self that was going on could not be identified, neither in these
observations nor in any spacecraft observations that followed
until today. It was attributed to some kind of unidentified dif-
fusion process that would be able to let the magnetic field
‘diffuse’ across the plasma in order to merge, annihilate and
subsequently reconnect.
Previous theoretical models were, with only a few ex-
ceptions (Galeev and Zelenyi, 1975; Sonnerup, 1979) based
on diffusive fluid approaches invoking mass and momen-
tum conservation of fluid elements (cf., e.g., Parker, 1958;
Petschek, 1964, for the two kinds of early canonical treat-
ment) across the reconnection site. The magnetic field in
these fluid models was subject to the induction equation that
included some form of finite electrical conductivity 0<σ 6=
∞, either distributed or localised, resulting from the fluid-
momentum conservation equation of the particles (essen-
tially only the electrons, because of their high mobility). In
the initial approaches to reconnection physics, only resistive
(or anomalously resistive) interaction was assumed of en-
abling reconnection but was later extended to include also
other electron moments as pressure gradients, pressure ten-
sors, ion viscosity, Hall terms, nonlinear momentum terms,
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and finally ponderomotive forces generated by nonlinear
wave interactions (see, e.g., Biskamp, 2000, for a discussion
of some of these effects).
A seminal review of the early fluid models (Vasyliunas,
1975) provided the expected macroscopic flow and field ge-
ometries but missed the important meso- and micro-scale ef-
fects caused by the mass difference between ions and elec-
trons, as was realised only somewhat later (Sonnerup, 1979).
They cause a Hall current in the ion-inertial region λe< |z|<
λi(with λe,i = c/ωe,i and ωi,e = e
√
N/0mi,e the respective
electron and ion inertial lengths and plasma frequencies). Ul-
timately, though delayed by two decades, its presence was
observationally confirmed by Fujimoto et al. (1997), Nagai
et al. (2001), and Øieroset et al. (2001).
The region |z|<λe, the ‘electron inertial’ domain in the
centre of the current layer, is believed to be the very site
of reconnection (cf., e.g., Scudder et al., 2008). There the
electrons are non-magnetised, and no Hall currents flow. Re-
cently, referring to nonlinear (ponderomotive) interaction,
we suggested that, in this region, the Weibel instability is ca-
pable of generating seed-X points (Treumann et al., 2010)
which may ignite reconnection on larger scales and also in
the presence of a guide magnetic field along the sheet current.
Ponderomotive interactions naturally structure the plasma lo-
cally. In this way they produce plasma gradients and pres-
sure variations, graininess, and affect the particle distribu-
tions, causing structure in phase space like electron and ion
holes (cf., e.g., Newman et al., 2001). In two-dimensional
numerical PIC simulations of reconnection, and particular in
the presence of guide fields, the observation of similar struc-
tures has been reported to occur (Drake et al., 2003). They
are important in the Weibel scenario (Treumann et al., 2010)
providing conditions under which seed-X points are formed
and reconnection may start.
In collisionless numerical simulations, reconnection is ar-
tificially ignited, either by ad hoc imposing a seed X-point
on the current sheet (cf., e.g., Zeiler et al., 2000; Drake
et al., 2003) or by locally injecting an artificial resistivity.
The ongoing search for the mechanism of spontaneous onset
of collisionless reconnection points to the ‘missing micro-
scale physics’ in thin current sheets. We argued somewhere
(Treumann et al., 2010) that numerical simulations of recon-
nection imposing seed-X points correctly describe the ‘meso-
scale physics’ by skipping the brief Weibel phase and replac-
ing it with its final state of nonlinear saturation.
Nevertheless, meso-scale physics does not answer the
question yet of why and in which way reconnection proceeds
at all. By which process can a magnetic field pass from the
Hall region into the centre of the current layer (see the dis-
cussion in Baumjohann et al., 2010)? What happens at the re-
connection site after the Weibel instability has saturated and
generated a seed-X point? What is the mechanism that lets
magnetic fields merge and reconnect?
Answering these questions requires an inquiry into the
micro-scale physics. As a first preliminary step we will, in
the following, try to clarify the microscopic conditions which
should be taken into account. This requires first the clarifica-
tion of what is meant microscopically by a magnetic field line
and by merging, annihilating and reconnecting anti-parallel
magnetic field lines.
2 Magnetic field lines
The geometric view of reconnection arises from the concept
of magnetic field lines. Historically magnetic field lines have
been introduced by the ingenious imagination of Michael
Faraday in the 1830s in his attempt to visualise the direc-
tion of magnetic forces in air. In vacuum (air) or any dielec-
tric medium, magnetic field lines have no substance. They
simply relect the vector character of magnetic induction and
demonstrate the direction of the magnetic field. This changes
in magnetically active media like plasmas, in particular in
collisionless plasmas where particles are bound to the mag-
netic field and their mutual dynamics cannot easily be decou-
pled.
How could a field line be defined in this case? Classical
attempts were based on the use of so-called field-line po-
tentials α(x,t),β(x,t), playing the role of particular coordi-
nates. However, they simply replace vector potentials when
describing the ‘motion of field lines’. They do not add any-
thing substantial to the physical concept of a field line nor
to physical understanding. In some sense they are a different
formulation of the frozen-in concept or, on a more fundamen-
tal level, of the Lorentz transformation in ideal collisionless
media.
In order to arrive at a deeper understanding, one has to
acknowledge that the definition of field lines as physical en-
tities makes sense only in magnetically active matter, i.e. for
charged particles which are sensitive to the presence of mag-
netic flux, for instance.
2.1 Field lines are flux quanta
Under this proposition, a clear definition of a field line can
indeed be derived from a quantum-mechanical treatment of
magnetic fields in active matter. There is no need to explic-
itly solve the Schro¨dinger equation of motion of an electron
in a magnetic field as this was done long ago, in fact more
than half a century ago, by Landau (1930) and Aharonov and
Bohm (1959).1 Gauging the vector potentialA by adding the
gradient of a scalar potential−∇φ in this case translates into
1Landau (1930) treated the quantum-mechanical motion of an
electron in a homogeneous magnetic field. Aharonov and Bohm
(1959) considered electrons moving around homogeneous flux
tubes. It is quite surprising that these attempts have not become to be
known in space plasma physics, where magnetic field lines belong
to the daily vocabulary and everyone dealing with reconnection, for
instance, or dynamo theory and magnetic field models is using the
concept of field line dynamics.
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Fig. 1. Geometry of the Aharonov-Bohm effect. The electron moves
at some angle θ around the magnetic flux tube containing the mag-
netic flux Φ. Since outside the flux tube the magnetic flux vanishes,
the vector potential in this region reduces to a scalar potential which
can be gauged away. However, quantum mechanically its effect is
remarkable, forcing the flux to be quantised.
a phase factor in the state eigenfunction ψ(x,t), the solution
of the Schro¨dinger equation,
ψ(x,t,φ)∼ exp
(
−ieφ
~
)
ψ(x,t) (1)
Clearly, this phase factor is unimportant in determining prob-
abilities |ψ|2. Its physical importance becomes clear, when
assuming that the electron moves on some orbit around a
magnetic field of magnetic flux Φ (cf. Fig. 1). Outside the
magnetic field the flux does not exist in the classical view.
Quantum mechanically, however, the electron moving out-
side the magnetic flux tube does indeed feel the presence of
the flux phase.
The decay of the phase with distance from the flux tube
can be derived from the scalar potential∇φ=A and is given
by the surface integral of the magnetic field B over the field-
line cross section respectively the line integral of the vector
potential A along the electron orbit
Φ =
∫
cross−sect
B ·dF=
∫
orbit
A ·ds (2)
Since the orbit in a scalar potential field can be arbitrarily de-
formed, the value of the line integral depends only on rotation
angle θ (see Fig. 1), yielding for the potential 2piφ(θ) = θΦ.
This value, after inserting into the phase factor, gives just
exp
(
−iθ eΦ
2pi~
)
(3)
which is the result derived by Aharonov and Bohm (1959). In
` gyrations of the electron around the field line, the phase fac-
tor would increase by 2pi`, and the wave function ψ would,
artificially, become discontinuous. Since this is unphysical,
the flux Φ = `Φ0 in the encircled flux tube is a multiple of an
elementary flux quantum2 (Aharonov and Bohm, 1959)
Φ0≡ 2pi~/e≈ 4.1×10−15 Vs (4)
This expression precisely defines a magnetic field line in
magnetically active matter, where the electron is ‘magne-
tised’, i.e. responds to the presence of the magnetic flux. Of
course, magnetic fluxes may form bundles of such elemen-
tary flux quanta, but the smallest possible magnetic flux in
magnetically active matter is given by the ratio Φ0 ≡ h/e
which we propose is the flux carried by a magnetic field line.
2.2 Field line radius
This result of Aharonov and Bohm (1959) yields to propose
an exact definition of the magnetic field line. The magnetic
flux element (quantum) corresponds to a magnetic field of
magnitudeB= Φ0/piλ2mwhich defines a (smallest) magnetic
flux tube radius (Landau, 1930, unaware of the flux quantum,
arrived from different considerations at a similar ‘magnetic
length’, not identifying it with field lines), which is the ‘ra-
dius of a magnetic field line’
λm =
(
Φ0
piB
) 1
2
=
(
2~
eB
) 1
2
(5)
It is inversely proportional to the square root of the magnetic
field
√
B. Strong magnetic fields correspond to narrow field
lines, weak magnetic fields have broader field lines. The field
line of a B = 1 nT field has radius of order λm ∼ 10−3 m,
which is in the detectable meso-scale domain!
One may calculate the number NB of magnetic field lines
in an electron cyclotron orbit from comparing the area of
the gyration circle pir2ce of the electron with the cross sec-
tion piλ2m of a field line. For an electron of temperature
Te =mv
2
e/2 in a magnetic field B this yields a number
NB =Te/~ωce (6)
which is the ratio of thermal electron energy to the Lan-
dau energy ~ωce of an electron of cyclotron frequency ωce =
eB/me.3 This number increases with Te and decreases with
magnetic field B. In a field of B =B1 = 1 nT and for an
electron temperature of just Te = Te1 = 1 eV, this number
becomes roughly of the order NB ∼ 1013. One electron gy-
ration circle thus contains a huge number of magnetic field
lines (see Fig. 2).
2This could have been inferred already from simple dimensional
reasoning observing that eΦ has dimension of an action with action
quantum h.
3It may be of interest to note that, relativistically, this number
becomes NB = (mec2/~ωce)γ2, i.e. it increases as the square of
the relativistic factor γ.
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Fig. 2. A few of the NB =Te/~ωce magnetic field lines belonging
to the bundle of field lines (flux elements of diameter 2λm) that are
contained in the cross section of an electron gyration (T1 = 1 eV,
B1 = 1 nT). Because flux can only annihilate in quanta, implying
that only strictly antiparallel field line segments reconnect, none of
these field lines can reconnect, however, even though they may get
in touch at some inclination angle.
2.3 ‘Annihilating’ field lines
Asking what, in principle, will be going on when two oppo-
sitely directed field lines, i.e. flux elements containing oppo-
sitely directed magnetic fluxes, encounter each other, one re-
alises that the outcome of the encounter depends sensitively
on the inclination angle under which the two flux elements,
respectively field lines, contact.
Magnetic flux can only be exchanged in quanta Φ0 =h/e.
Because of this obvious and undeniable property, annihila-
tion takes only place when the field lines are precisely anti-
parallel a certain distance `‖ along the elementary flux tubes.
This is shown schematically in Fig. 3. One should note that
because of this reason any obliquely touching field lines in
Fig. 2 cannot annihilate!
The implication is that, in elementary reconnection events,
the exact amount of 2Φ0 of magnetic flux will be annihilated.
This annihilation happens in a certain time ∆t. Thus the el-
ementary flux annihilation corresponds to the generation of
an induced electrical potential difference
|U |= dΦ/dt≈ 2Φ0/∆t (7)
Multiplying with the elementary charge, the equivalent cur-
rent density j= 2B/µ0λm surrounding the flux element, and
the exactly antiparallel volume V0≈ 2piλ2m`‖, we obtain the
total power that is released in such a reconnection event
P0∼ 2Bh
µ0e
`‖∼ 10−17(B1`‖) W (8)
It is assumed this total power is converted into kinetic en-
ergy of the plasma. Two annihilating field lines of anti-
parallel lengths `∼ 1 m and magnetic field B =B1 ∼ 1 nT
thus release a power that is just of the order of ∼ 10−17
W. Assuming that the field lines are antiparallel over a
length λi this number becomes the order of P0(λi)∼ 2.5×
10−12(B1
√
N1) W. If all the magnetic field lines in an elec-
tron gyro-radius would reconnect simultaneously over this
length we would multiply by NB , obtaining
P0(λi,NB)∼ 10
(
Te1
√
N1
)
W (9)
In the extreme case when all the electrons in the ion inertial
volume would annihilate their field lines one has to multiply
by the number of electronsNλ3i , and the total released power
would amount to
Ptot ∼ 108
(
Te1N
3
1
)
W (10)
During a substorm of duration ∆t∼ 103 s this corresponds
to a released energy of
Esubstorm ∼ 1011 J (11)
some orders of magnitude higher than measured. Clearly, this
is an extreme upper limit of what can be obtained in a recon-
nection event under the (unreasonable) assumption that it is
the total number of electrons which (inside the ‘ion diffusion
region’ z <λi, i.e. in thin current sheets) are responsible for
and contribute to reconnection.
The released power increases with electron number den-
sity N and temperature Te. Apparently, it is independent of
the magnetic fieldB, but this is not so because the elementary
magnetic flux Φ0 is contained in the fundamental expression
Eq. (8) for the released power, and the above expression sums
up all contributions of annihilating field lines in one electron
gyration circle.
It is of interest to ask how much time the annihilation of
two anti-parallel field lines takes. Previously the correspond-
ing amount of energy e|U | was stored in the volume V0 of
contacting antiparallel field lines. It thus corresponds to the
magnetic energy V0B2/2µ0 stored in the two field-line ele-
ments such that we find for the annihilation time of two con-
tacting strictly antiparallel flux elements from Eq. (7)
∆t∼ h
e|U | ≈
eµ0
B`‖
(12)
This time is extremely short, i.e. flux elements annihilate in-
stantaneously if and only if they come into antiparallel con-
tact. Microscopically, from the point of view of field lines
(or contacting elementary flux elements), the question of re-
connection thus reduces to two problems: (a) how many flux
quanta in an approaching plasma volume element can be
turned antiparallel over a certain length `‖, and (b) how can
they be brought into close contact.
These questions cannot be answered on the base of consid-
ering the fluid motion of a magnetised plasma volume. Their
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Fig. 3. Annihilation of the two strictly antiparallel sections of two
contacting magnetic field lines of diameter 2λm, each carrying just
one flux quantum Φ0. Annihilation proceeds over the parallel length
`‖ only, thereby creating two new field lines each one, as before,
carrying just one flux quantum Φ0. The annihilation releases the
magnetic energy stored in the common volume V0 = 2piλ2m`‖ of
the two contacting strictly antiparallel flux tube sections. The re-
leased energy heats the plasma locally. The strong bending of the
remaining (reconnected) parts of the field lines causes relaxation
and stretching of the new field lines but does not exert any forces on
the plasma on the narrow microscopic scale of one single field line.
answer requires a deeper understanding of the dynamics of
the particles in thin (or thinning) current sheets separating
globally antiparallel magnetic fields.
However, the realisation that quantum effects come into
play when considering field lines, together with the idea that
field lines may reconnect, suggests that the entire problem
of reconnection is not an exclusively classical problem but
involves the microphysical state of the particles in the elec-
tromagnetic field and the quantum nature of their interaction.
2.4 Magnetic diffusivity
Before proceeding we briefly note that the existence of a flux
quantum implies as well a smallest quantumDm0 of the mag-
netic diffusivity such that the diffusion coefficient in a mag-
netic field of flux Φ = `Φ0 can be written as
Dm` ∼ `Dm0 , `∈N (13)
This can be realised when multiplying Φ0 by the ratio e/me
of elementary charge to electron mass yielding
Dm0 ∼
e
me
Φ0 =
h
me
≈ 10−4 m
2
s
(14)
which has the correct dimension of a diffusion coefficient:
[Dm] = m2s−1. Thus, diffusion in a magnetic field proceeds
in steps or elementary jumps.
Correspondingly, the diffusion time τmD over a certain
length L (measured in meters) is then given by
τmD = 10
4(L2/`) s (15)
The expression4 Eq. (14) can be derived in two ways. First
assuming with Bohm that the perpendicular displacement
during diffusion in one electron gyration time is just of the
order of one field line diameter
Dm∼ 4λ2mωce/2pi (16)
This yields immediately for
Dm' 4~
pime
(17)
Otherwise one may use the definition of the diffusion coeffi-
cient through energy
Dm∼ 4pi⊥/meωce (18)
where ⊥ = 12~ωce (see below) is the perpendicular zero
point electron energy in the magnetic field B. This yields
Dm' 2pi~
me
(19)
Both expressions agree with Dm0 up to a numerical factor of
order O(1).
Since otherwise the magnetic diffusivity is defined through
resistivity η, one also has
Dm0 =
η⊥
µ0
(20)
an equation which immediately shows that the perpendicu-
lar ordinary resistivity in a magnetised plasma is itself quan-
tised, η`⊥= `η0⊥, and cannot be less than its quantum
η0⊥≡ µ0e
me
Φ0 =
µ0h
me
≈ 10−9 Ohm m (21)
This fact restricts the ordinary perpendicular conductivity
σ⊥=σ0⊥/` in plasmas to values σ0⊥< 109 mho.
3 Hall physics
A key observation was the proposal that Hall physics should
become invoked in reconnection simply via the demagnetisa-
tion of ions on scales below the ion inertial length (Sonnerup,
1979). Hall physics is essentially two-dimensional even un-
der conditions of three-dimensionality as in the case of a
plane thin current sheet.
The unnecessary (and subsequently misunderstood) com-
plication in this proposal was the inclusion of a field-aligned
current closure system which, in principle, does not belong
4Its independence on charge e and magnetic field B identifies it
as a general quantum of diffusivity valid for stream lines in a fluid.
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to the Hall currents. The generation of field aligned cur-
rents is a peculiarity of the geometry in the geomagnetic tail
where the Hall current system is restricted to the region sur-
rounding the magnetic X-point during reconnection which
along the emanating field connects to the resistive ionosphere
thus causing field-aligned currents to flow in order to com-
pensate for the differing electrical conditions. These field-
aligned currents are not Hall currents. Rather they are cur-
rents which couple the reconnection site to the ionosphere
(Treumann et al., 2009); they are not an indication of any
three-dimensionality of Hall currents even though reconnec-
tion as a meso-scale process in the central current layer nec-
essarily is three-dimensional (for a recent discussion cf., e.g.,
Treumann et al., 2010). Hall currents always form a locally
two-dimensional current system on the meso-scale.
Noting this two-dimensionality of the Hall current is cru-
cial because it builds the bridge to the above mentioned
quantum nature of reconnecting field lines via the quantum
Hall effect at very low temperatures in solid state physics.
There it was realised that two-dimensional electrons behave
quite differently from three-dimensional electrons (cf., e.g.,
Andrei, 1997; Yoshioka, 2002, for comprehensive reviews).
Two-dimensionality in solid state physics is achieved by arti-
ficially (electrostatically) confining the electrons to Hall mo-
tion in a plane with the magnetic field being strictly perpen-
dicular to that plane.5 In a collisionless plasma in convec-
tive motion towards a two-dimensional current sheet two-
dimensionality is naturally realised from the very beginning;
it needs not to be maintained artificially. Even participation
of some electrons in any field aligned current flow does not
change this statement because electrons are indistinguishable
(identical) particles.
3.1 Two-dimensional electrons and Landau levels
In two-dimensional current sheets, two-dimensionality of the
electrons is realised in the Hall region by the orthogonality of
the convection electric and magnetic fields. The electric field
transports the electrons across the magnetic field by E×B-
motion constituting, in the ion-inertial region, the Hall cur-
rent (cf., e.g., Runov et al., 2003; Nakamura et al., 2006,
in addition to the above mentioned observational evidence).
In the ion-inertial region the ion gyro-radius rci exceeds
the ion-inertial length λi = c/ωpi. This is the region where
βi = 2µ0NTi/B
2& 1. The ions become non-magnetic here,
while the electrons remain to be magnetised carrying the Hall
current across the ions.
Since the plasma is collisionless, it is easy to see from the
collisionless electron cross-field drift velocity |VE|= |E/B|
5This artificial confinement is necessary in solid state physics.
Otherwise the electrons would unavoidably experience scattering at
the crystal structure and would not remain two-dimensionally.
and the definition of the Hall current |JH|= eN |VE|=σH|E|
that the Hall conductivity is finite and is given by
σH =B/eN (22)
where N is the plasma (or electron) density. The sign of this
conductivity is unimportant for the reconnection process and
for our discussion here. It suffices to say that the conductiv-
ity is directed perpendicular to the electric convection field
and to the ambient magnetic field. Since, however, the elec-
trons behave two-dimensionally, it is not the total electron
density which matters but the two-dimensional density N`‖,
where `‖ is the length along the magnetic field within which
all electrons behave approximately the same.
The important point is that such two-dimensional elec-
trons in a magnetic field do not behave classically but be-
have quantum-mechanically. When solving the Schro¨dinger
equation of an electron in a homogeneous magnetic field one
finds that their energies are not continuously distributed but
occupy evenly spaced Landau energy levels according to the
law (Landau, 1930)
L(px,q) =
p2x
2me
+~ωce(q+ 12 ) q= 1,2,3... (23)
with quantum number q. The magnetic field is assumed to
point in direction ±x. Hence the perpendicular energy of the
electron has a discrete spectrum of equally spaced energy
levels with spacing6
∆= ~ωce (24)
In weak magnetic fields this spacing is narrow, corresponding
to ∆∼ 10−13 eV in a magnetic field of B ∼ 1 nT, increas-
ing proportionally to B. For comparison, the Fermi energy
in a plasma of electron density N = 106 m−3 is F∼ 10−17
eV, sufficiently small that there is a gap between it and the
Landau levels. But in denser plasmas it quickly approaches
the lower Landau levels.
One may note that the field line radius Eq. (5) turns out to
be the gyro-radius λm of a lowest Landau level electron of
(perpendicular) energy ∆.
3.2 Filling factors in high temperature conditions
Landau levels in a thermal plasma are no δ-functions; they
have a certain thermal width δ∼ 12L
√|b|2/B2, that de-
pends on the amplitude |b| of the magnetic thermal fluc-
tuations. Thus, in order for them to not overlap, requires
|b|/B  1. In the Hall region this condition is satisfied
since the non-magnetised ions do not contribute to magnetic
fluctuations, and the thermal fluctuations of the magnetic
6Including magnetic mirror geometry causes a split of each
Landau level (removing their degeneracy) with quantised energy
b = s∆b, quantum number s= 1,2,...,q, and energy width ∆b =
~ωb∆L, where ωb is the electron bounce frequency in the mag-
netic mirror.
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field caused by electrons have indeed very small amplitudes
(Yoon, 2007; Treumann et al., 2010) even though maximis-
ing at long wavelengths, k→ 0.
Of course, the distribution of the occupation of the Landau
levels by the ambient Hall electrons maximises around the
(perpendicular) electron temperature Te. Nevertheless, there
is a number of electrons in the lower Landau levels which
have energy less than the spacing between the Landau lev-
els; and these are the electrons which become important in
reconnection. Below we will estimate their number density.
Landau level-filling two-dimensional electrons de-
magnetise. The Hall conductance becomes independent
of the magnetic field B and quantises according to the
fundamental Klitzing law
σH = ν
e2
h
(25)
with the inverse Klitzing constant e2/h≡ σK, the ‘quantum
of conductivity’ (cf., e.g., Yoshioka, 2002, for a still timely
account of the quantum Hall effect). In this case the particle
(electron) occupation number ν of the (lower energy) Landau
levels is given by
ν=
Φ0
B
N`‖ (26)
where the right-hand side is just the inverse of the number of
field lines in the magnetic fieldB that are cutting through the
surface element. This can be expressed as
ν≈ 4.14N1`‖
B1
(27)
where N1 = N/106 and B1 = B/10−9 correspond to a
plasma of density N = 1 cm−3 and magnetic field B = 1
nT. Slightly stronger magnetic fields reduce the occupation
number while higher densities and longer extensions along
the magnetic field increase it. In this respect it is interesting
that the theory of the fractional quantum Hall effect suggests
large occupation numbers at higher Landau levels with sub-
stantially more complicated physics involved.
This number for short extension along the magnetic field
is surprisingly small, being comparable to the occupation
numbers observed in the quantum Hall effect in solid state
physics. On the other hand, for large densities N1 1 and
extensions `‖ 1 m this number becomes very large. For in-
stance, for `‖∼λi∼ 103 km it is O(106) or more with most
of the electrons being thermal, classical and found only tem-
porarily in one particular Landau level. The thermal spread of
their speed lets them stochastically visit many higher Landau
levels that are centred around Te smearing them out. These
electrons are of no importance in reconnection. They are ‘ir-
relevant’ as they remain classical magnetised electrons in the
Hall region (the ion-inertial ‘diffusion’ region): they carry
classical Hall currents, are magnetised, the Hall currents cre-
ate quadrupolar Hall magnetic fields in the given X-point ge-
ometry, thereby twisting the magnetic field slightly.
electron
‘composite
electrons’
Φ
Φ Φ
⎨
⎪
⎪
⎧
⎩
0
0 0
Fig. 4. A way of attaching flux quanta Φ0 to an electron thereby
transforming the electron into a particle carrying magnetic flux. In
the cases shown one and two flux quanta are attached to an electron.
The flux quanta occur as closed microscale magnetic vortices which
the electron may transport away. One should, however, note that the
absorption of a flux quantum by the electron does not imply that
a magnetic vortex moves across the plasma. It means that the flux
quantum disappears from visibility becoming a quantum property of
the electron which is reflected in the different physical and ‘anyon’-
statistical character of the resulting ‘composite electron’.
All these are secondary effects which have little in com-
mon with the micro-scale physics of reconnection. They (‘ac-
cidentally’) happen to occur in a magnetic X-point reconnec-
tion geometry produced in the proper reconnection process.
3.3 Level-filling electron number density
It is only a small number of (collisionless) electrons that es-
cape the classical domain being little or not at all affected by
the high temperature.
These low energy electrons behave the same way as the
quantum Hall electrons in solids. One thus must reduce the
number density N1 in the above expressions to account only
for them and for understanding their effect. These ‘relevant’
electrons may stay for long time in their Landau levels to
which they are energetically confined. Confinement will be
the case whenever their (perpendicular) thermal energy is of
the order or less than the Landau level spacing.
It was already noted that in an assumed magnetic field
of B = 1 nT at a temperature of Te ∼ 1 eV their transverse
thermal energy must be small, less than . 10−13 eV. Es-
timating their number can be done using the Fermi distri-
bution of occupation of energy levels. At the high temper-
atures of the plasma the Fermi distribution simplifies to the
Boltzmann distribution. Since the energy of the electrons un-
der question is  Te, the Boltzmann exponential function
exp(−/Te)→1 reduces to unity, and the number density in
one particular Landau level of quantum number q becomes
dNLq(p
2
x)∼
1
2
N
√
q
Te
d
(
q
Te
)
(28)
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where for simplicity we assumed that the parallel energy is
p2x/2me ∼ Te, and integration would be only over the Lan-
dau energy, such that the parallel energy is constant. Then
we obtain for the reduced density of the Landau electrons in
Landau level q = q~ωce, and q 12 ,
dNq
N
∼ 5×10−20√q, q 1013 (29)
which forN =N1 yields that dNq ∼ 5×10−14√q m−3, sub-
stantially less than the ambient thermal ‘irrelevant’ electron
density. This is the number density that has to be used in
place of N1 in the expression for ν in Eq. (27) when estimat-
ing the filling factor of Landau levels in the quantum Hall
regime.
We can now take a value for `‖∼ 103 km and find
νq ∼ 1.3×10−7
√
q
B1
(
`‖
106 m
)
(30)
If we chose for the Landau level q= 1012 we find a canonical
filling factor of νlogq=12∼ 0.13.
The lower lying Landau levels also contain those ‘relevant’
electrons, but their numbers are less, and thus their filling fac-
tor drops as the square root of q. Even though these levels still
contribute their effect is thus less. (In fact, one may account
for all of them by adding up their contributions. This im-
plies summing over q in the limits 1≤ q≤ qmax. Replacing
the sum by an integral then yields an integrated contribution
of the low lying Landau levels ∝ 23q
3
2 . Referring to this in-
tegrated number, it then suffices to choose the substantially
reduced value for qmax = 108 in order to obtain
∫
dqνq ∼ 0.1,
which reproduces the above value for νq .) For slightly longer
extensions `‖ along the field (or larger qmax) this filling factor
comes close to ν ∼ 1, in both cases closely corresponding to
what is known from quantum Hall effects, in particular from
fractal quantum Hall effects (cf., e.g., Nayak et al., 2008).
The above similarity suggests that under hot dilute (col-
lisionless) plasma conditions in the weak-field reconnection
Hall region the processes are like those in the quantum Hall
effect at high magnetic field, density and very low tempera-
ture. These quantum effects are hidden below the bulk effect
of the macro- and mesoscopically dominating classical Hall
current that is carried by the ‘irrelevant’ thermal electrons
who do not contribute to reconnection, while the ‘relevant’
quantum electrons do, as described below.
4 Interpretation: Reconnection scenario
According to the Pauli exclusion principle for Fermions,
Landau levels can be filled with at most two electrons, one
spin up, the other spin down. However, the Landau levels
Eq. (23) are highly degenerate with degeneracy proportional
to the volume V0∼ λ2i `‖. Since this is a huge number, there
is plenty of space in the levels for electrons of both spins,
and the level filling will in general be small, with most of the
levels being empty, thereby raising the question what the few
confined level-filling electrons can do that would be impor-
tant in reconnection?
One first realises that the electrons that are confined to a
Landau level do not participate in the thermal motion. More-
over, their contribution to the Hall conductivity is indepen-
dent of the magnetic field which implies that these electrons
are not magnetised. This is in contrast to the thermal bulk of
the electron distribution which in the ion inertial domain all
remain magnetised.
However, since the confined Landau electrons are also im-
mersed in the magnetic field, their de-magnetisation implies
that they bind some magnetic flux by absorbing a number
NqΦ ∼ ν−1q of flux elements as is shown schematically in
Fig. 4. The number of absorbed flux elements (or field lines)
is given by the inverse of the filling factor νq of a particular
Landau level q.
Clearly, the ability of the confined electrons to absorb
magnetic flux changes their physical properties. Such elec-
trons are called composite electrons because they consist of
electrons that each carry several flux elements Φ0 = h/e.
‘Composite electrons’ belong to the family of anyons (for
a review cf., e.g., Nayak et al., 2008). They are not subject to
Fermi statistics but are described by anyon-statistics, a mix-
ture between bosonic and fermionic statistics that was dis-
covered when interpreting the fractional quantum Hall effect.
Their de-magnetisation is just the result of the presence of
flux elements (flux quanta Φ0) that are attached to them.
That this is so can be realised from consideration of the
quantised Hall conductivity Eqs. (25,26) where for ν= const
the magnetic field dependence disappears. Its meaning is that
the ‘composite electron’ is energetically confined to Landau
level q.
Being non-magnetised, even though still located in the
ion inertial domain, these ‘composite electrons’ move freely
across the plasma, independently of any electromagnetic in-
teraction. Unlike ordinary thermal Hall electrons which per-
form a cross-field drift across the orthogonal convection elec-
tric and magnetic fields, the ‘composite (Landau) electrons’
transport the magnetic flux that is hooked up to them from
one place to another. Following their inertia, they cross the
ion inertial domain until entering the electron inertial region
in the centre of the thin current layer.
There is, however, one subtlety in this. When the field
changes, a ‘composite electron’ leaves its Landau level and
might enter another level q′. In a continuously though grad-
ually spatially decreasing field q′>q. Thus when the ‘com-
posite electron’ of given energy moves toward the electron
inertial region it successively steps up the ladder of increas-
ing q. Loaded with magnetic flux quanta, during this motion
‘composite electrons’ transport a certain amount of magnetic
flux (and field lines) until they enter the non-magnetic region
|z|< λe. Here they do not find any Landau level, become
free and are forced to unload their magnetic charge of ν−1
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Φ Φ
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Fig. 5. Release of attached flux quanta Φ0 from ‘composite elec-
trons’ in a non-Landau environment (for instance in the non-
magnetised centre of the current sheet). The electron regains its
normal electron state while creating magnetic vortices in this case.
The latter will reconnect, as happens in the second case or when
meeting other vortices that have been released from other electrons.
This reconnection is a pure vacuum process in which no currents
are involved as long as the resulting magnetic structure is of scale
smaller than the electron inertial length. After sufficiently many vor-
tices have combined, the inertial scale will be exceeded, and re-
connection enters into the domain of classical mesoscale physics.
Afterwards the coalescence instability takes over, and reconnection
evolves further in the ordinary classical manner.
magnetic flux quanta h/e in order to regain their status of
ordinary electrons (as schematically shown in Fig. 5).
Mixing of such ‘composite electrons’ from both sides of
the current sheet which carry oppositely directed magnetic
flux quanta, causes the necessary mixing of oppositely di-
rected flux quanta (magnetic vortices) for reconnection. It
brings the antiparallel flux elements into close contact such
that they can annihilate each other and release their stored
magnetic energy. Thus, in the present view, the micro-scale
physics of reconnection is a quantum effect that survives in
the domain of meso-scale physics and has observable, even
violent, macro-physical consequences.
It is important to mention a point that might lead to con-
fusion. The transport of flux quanta by the non-magnetised
‘composite (Landau) electrons’ that arise in the Hall domain
around a thin current layer implies transport of magnetic field
lines into the centre of the current layer. Classically such a
transport causes stretching and bending of the transported
field line, changing field strength, field geometry, and should
thus lead to restoring forces that would ultimately inhibit the
motion of the electrons. Apparently this seems to happen as
well in the micro-scale domain of the quantum regime when
electrons pick up a flux quantum, extract it and transport it
away from the location where they have got the load.
However, though this conclusion is correct in the classi-
cal domain, it does not apply to the quantum Hall regime
because stretching a flux quantum does not change the quan-
tum. Changing the magnetic field strength implies adding or
extracting flux quanta. Loading an electron with a quantum
of flux means that the electron absorbs a microscopic mag-
netic vortex as shown schematically in Fig. 4.
This absorption of a flux quantum by the electron does
not imply that a magnetic vortex moves across the plasma. It
means that the flux quantum disappears from visibility by be-
coming a quantum property of the electron which is reflected
in the different physical and statistical character of the result-
ing ‘composite electron’.
Flux quanta have a fixed value h/e that is completely in-
dependent of the geometric form of the corresponding field
line. A quantum of magnetic flux (field line) attached to a
‘composite electron’ remains what it is: a quantum of flux of
the same value it had when it was picked up by the electron,
and it will not change that value when it is transported away
and released from the electron in the centre of the current
sheet. In other words, attaching a quantum of flux to an elec-
tron and transforming the electron into a ‘composite electron’
removes the flux element (field line) from the ambient mag-
netic field. (One may note that this process also somehow
removes the electron by transforming it from a charged parti-
cle into a ‘composite electron’ which might cause additional
unknown effects in the plasma). Release of the flux element
from the ‘composite electron’ recreates the flux quantum at
the location of its release, i.e. it adds the flux quantum to the
environment thereby taking care that no divergence is pro-
duced, which means, that it gives birth to a magnetic (field
line) vortex.
Flux quanta can only change when they meet oppositely
directed flux quanta and annihilate. This, however, is neces-
sarily the case when they are released from ‘composite elec-
trons’ in the centre of the current sheet because any newly
created vortex will contain a segment that is anti-parallel to
some other vortex thus allowing for mutual annihilation.
The annihilation of two antiparallel magnetic vortices in
the electron inertial domain, i.e. the newly born (released)
flux quanta, proceeds without the involvement of any mi-
croscopic currents. Their scales λm < N−
1
3 are less than
the average interparticle distance. The microscopic vortices
therefore occur as though immersed into vacuum, and their
interaction and annihilation as well as their reorganisation
are pure vacuum effects with annihilation and reorganisation
proceeding instantaneously. The electrons in this region are
unmagnetised and, as argued previously (Treumann et al.,
2010), become accelerated along the direction of the sheet
current by the electric field. Thus they contribute, via the
Weibel instability, to the generation of the macroscopic mag-
netic field structure.
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5 Summary and Conclusions
The above reasoning suggests that the fundamental process
of reconnection is of microscopic nature, indeed being a
quantum process that leads to profound macroscopic effects
in the domain of classical physics. This process proceeds in
several steps which we summarise as follows:
* It loads electrons with magnetic flux quanta (field line
vortices) that are extracted from the domain of Hall cur-
rent flow. This process of extraction of flux quanta trans-
forms the Landau electrons into ‘composite electrons’.
These are quasi-particles (quasi, because particle-field
combinations) and are insensitive to the presence of the
magnetic field, i.e. they are, in the language of plasma
physics, unmagnetised.
* Being non-magnetic, the ‘composite electrons’ become
to some degree independent of the magnetic field and
are capable of moving across the plasma. They fol-
low their inertia (or any other non-electromagnetic force
like partial pressures, for instance). During their mo-
tion they transport the flux quanta that are attached to
them into the electron inertial region in the central cur-
rent layer. Here, no Landau levels exist. When entering
the electron-inertial region, the ‘composite electrons’
release the flux quanta, themselves converting back into
ordinary electrons. The released flux quanta, on the
other hand, form locally closed (divergence-free) small-
scale magnetic vortices which subsequently are made
available for reconnection.
* Flowing in from the two sides of the current layer,
the magnetic vortices have different senses (right-hand,
left-hand), mix and undergo annihilation over their an-
tiparallel parts when coming into contact, thereby re-
leasing the stored magnetic energy which has been ex-
tracted from the Hall region by the Landau electrons.
* Thus the entire process of reconnection implies a grad-
ual (continuous) reduction of magnetic field in the Hall
region in terms of extracted magnetic vortices that are
attached to the Landau electrons. The subsequent re-
lease of these vortices in the electron inertial region,
and its local heating/acceleration go exclusively at the
expense of the Hall region.
* Since of the magnetic flux vortices (quanta) only their
antiparallel parts annihilate, the remaining parts of the
vortices rearrange in a necessarily divergence-free man-
ner into the X-configuration of the macroscopic mag-
netic field reconnection structure. This structure implies
the production of macroscopic magnetic stresses in a
much slower process than annihilation, which cause the
observed bulk acceleration of plasma from the X-points.
Both the experimental and the theoretical verifica-
tion/falsification of the proposed scenario and the theory of
the micro-scale process that enables collisionless reconnec-
tion in thin current sheets will, however, encounter serious
difficulties.
It is obvious from previous theory (Sonnerup, 1979)
and observation (Fujimoto et al., 1997; Nagai et al., 2001;
Øieroset et al., 2001, and others) that thin reconnecting cur-
rent sheets necessarily include the (classical) Hall effect. This
is one necessary precondition for our microscopic mecha-
nism. However, in contrast to the quantum Hall effect in solid
state physics which occurs at very low temperatures, the high
plasma temperatures will make it difficult to identify the fill-
ing effect of lower energy Landau levels. This is due particu-
larly to the comparatively small number of particles with the
required low energies.
In order to do so one would have to suppress the contribu-
tion of thermal electrons to the Hall conductivity. The clas-
sical Hall conductivity increases linearly with magnetic field
B. One needs to show that this linear increase is occasion-
ally interrupted. This requires extremely precise simultane-
ous measurements of both B and N during passages across
a current layer in reconnection, such that the classical Hall
conductivity can be eliminated. The residual conductivity as
function of B should exhibit steps.
In the differential representation ∆σH(B/N)/∆B, which
classically for fixed N should be a constant and for pressure
equilibrium N ∼B2 decays like B−2, the derivative with re-
spect to B is expected to exhibit excursions to low values (in
the ideal case to zero). Such excursions, if statistically signif-
icant, could possibly indicate the expected Landau confine-
ment and thus the formation of ‘composite electrons’.
It would also confirm the occurrence of the quantum Hall
effect under the high-temperature dilute collisionless plasma
conditions. This unexpected result is, by itself, one of the
most exciting suggestions of our theory, which is therefore
highly worth being tested by observation and experiment.
Other indications of the effect of ‘composite electrons’
would be an unexplained decrease in magnetic field strength
(excluding the Hall field) in the ion-inertial region preceding
a reconnection event for some time (which would be of the
order of the time electrons need to cross the ion inertial re-
gion, i.e. for Landau electrons of energy ∼ 0.1Te a time
τ ∼√0.2Te/λ2i . This decrease in magnetic field strength
should be of the same order of magnitude as the field strength
in the vicinity of the reconnection site. Also, observation of
an irregularly distributed magnetic vortex structure in the
central plasma sheet and unusually high magnetic fluctua-
tions around the reconnection site could indicate transport
and release of large numbers of field quanta in the electron in-
ertial domain at the centre of the current layer. So far, space-
craft observations seem not to be capable of detecting these
micro-scale effects.
On the other hand, numerical simulations in the classi-
cal domain will principally miss the underlying micro-scale
(quantum) physics as the classical equations of motion on
which they are based do not include the proposed effects.
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